The bacterial cytoplasmic membrane is a principal site of protein translocation, lipid and peptidoglycan biogenesis, signal transduction, transporters and energy generating components of the respiratory chain. Although 25-30% of bacterial proteomes consist of membrane proteins, a comprehensive understanding of their influence on fundamental cellular processes is incomplete. Here, we show that YciB and DcrB, two small cytoplasmic membrane proteins of previously unknown functions, play an essential synergistic role in maintaining cell envelope integrity of Escherichia coli. Lack of both YciB and DcrB results in pleiotropic cell defects including increased levels of lipopolysaccharide, membrane vesiculation, dynamic shrinking and extension of the cytoplasmic membrane accompanied by lysis and cell death. The stalling of an abundant outer membrane lipoprotein, Lpp, at the periplasmic face of the inner membrane leads to lethal inner membrane-peptidoglycan linkages. Additionally, the periplasmic chaperone Skp contributes to yciB dcrB mutant cell death by possibly mistargeting stalled porins into the inner membrane. Consistent with the idea of a compromised envelope in the yciB dcrB mutant, multiple envelope stress response systems are induced, with Cpx signal transduction being required for growth. Taken together, our results suggest a fundamental role for YciB and DcrB in cell envelope biogenesis.
Introduction
A bacterial cell can survive under a variety of environmental conditions including rapid fluxes in osmolarity, pH, temperature and the presence of harmful compounds. The cell envelope plays a critical role in protecting the cell from environmental stresses and is key to the growth and viability of the cell. A hallmark of Gram-negative bacteria is that their cell envelope consists of two membranesan inner (IM) and an outer membrane (OM) separated by the periplasmic compartment and a thin peptidoglycan (PG) cell wall. The IM is made up of a phospholipid bilayer and selectively controls the passage of nutrients and ions that enter or leave the cell cytoplasm. It is also the site of energy production, lipid biosynthesis, PG biosynthesis, protein translocation and transport. The IM proteins are variously peripheral, integral or lipoproteins anchored to the periplasmic side of the IM, and together these proteins are thought to make up approximately 25% of the bacterial proteome (Bernsel and Daley, 2009; Dalbey et al., 2011; Papanastasiou et al., 2016) . Despite their abundance, the molecular functions of several IM proteins remain unknown or only poorly defined.
The OM, a distinctive feature of Gram-negative bacteria, consists of an asymmetric lipid bilayer with the outer leaflet composed of the glycolipid lipopolysaccharide (LPS) and an inner leaflet of phospholipids (PL) (Simpson et al., 2015) . The OM proteins can be classified into two broad classes: integral transmembrane β-barrel proteins (OMPs) and OM lipoproteins that are embedded in the inner leaflet of the OM through an N-terminal end lipid moiety (Silhavy et al., 2010; Konovalova et al., 2017) . OM lipoproteins were thought to only face the periplasm but recent advances have shown that portions of several OM lipoproteins are surface-exposed (Szewczyk and Collet, 2016) . The most abundant protein in E. coli is an OM lipoprotein, Lpp, also known as Braun's lipoprotein. About a third of Lpp tethers the OM to the underlying peptidoglycan ensuring optimal periplasmic distance between the two membranes, a critical feature for extracytoplasmic stress signaling mechanisms (Braun and Hantke, 1974; Li et al., 2014; Asmar et al., 2017) . Some OM lipoproteins function in sensing envelope stress, and others in OM protein biogenesis or PG biosynthesis, but a large number of OM lipoproteins have no assigned functions as yet (Konovalova et al., 2017) . The essentiality of the OM is attributed to its function as a protective barrier, with tightly packed LPS preventing the entry of hydrophobic molecules, and some of the OMPs, such as porins, only allowing the passive diffusion of small molecules, with another class functioning as gated channels for high-affinity transport of large ligands (Nikaido, 2003; Silhavy et al., 2010) . Only a couple of OMPs have been shown to play an essential role in the biogenesis of the OM (Konovalova et al., 2017) .
All extracytoplasmic proteins are synthesized in the cytoplasm as precursors and then translocated across the IM by either of two parallel pathways: the Sec and Tat translocons. The essential Sec machinery transports unfolded proteins, either co-translationally or post-translationally, across the IM powered initially by ATP hydrolysis, and subsequently by both ATP hydrolysis and the transmembrane proton motive force (PMF) (Natale et al., 2008; Beckwith, 2013; Collinson et al., 2015; Tsirigotaki et al., 2016) . By contrast, the Tat machinery can transport folded proteins across the cytoplasmic membrane and relies entirely on energy derived from the PMF (Keller et al., 2012; Alcock et al., 2016) . Post-secretion, the maturation and assembly of the two classes of OM proteins, OM lipoproteins and OMPs, are accomplished by dedicated assembly pathways.
Precursor lipoproteins are modified at the IM by addition of lipid tails and signal sequence cleavage via three sequential enzymatic reactions carried out by IM-bound enzymes (Szewczyk and Collet, 2016) . The OM-targeted lipoproteins, distinguished by a sorting signal, are extracted from the IM by LolCDE, an ABC-type transporter, which passes them to the periplasmic chaperone LolA which in turn delivers them to the OM acceptor LolB, which finally inserts the lipoproteins into the OM (Szewczyk and Collet, 2016) . Recent genetic evidence has uncovered the existence of LolAB-independent OM lipoprotein transit across the periplasm to the OM (Grabowicz and Silhavy, 2017) .
The other major class of OM proteins, the integral β-barrel proteins or OMPs cross the periplasm bound to proteins that exhibit general chaperone activity such as, SurA, Skp and DegP. SurA serves as the primary periplasmic chaperone but genetic data reveal some functional redundancy with Skp/DegP pathways (Sklar et al., 2007) . The latter chaperones are thought to rescue OMPs that have deviated from the SurA-bound pathway (Sklar et al., 2007) . The chaperone-bound OMPs are delivered to the Bam complex on the OM, which assembles a wide variety of OMPs into the OM (Konovalova et al., 2017) .
The complex process of OM protein biogenesis is a critical element in maintaining the barrier function of the OM and for overall envelope integrity of the Gram-negative cell. Here, we report the identification and characterization of two predicted cytoplasmic membrane proteins of unknown functions, YciB and DcrB, in the maintenance of bacterial cell envelope integrity with implications in OM protein assembly. Cells lacking yciB and dcrB gene products display pleiotropic defects, including morphological changes, elevated amounts of LPS, dynamic cytoplasmic membrane retraction and extension, copious vesiculation, reduced PMF, and accumulation of OM proteins at the IM. The resulting IM stress is, at least in part, suppressed by the activation of the Cpx two-component system. These defects are compounded when grown in media without salt leading to lysis and cell death. A major cause of cell death in yciB dcrB mutant cells appears to be due to the mislocalization of OM proteins at the IM. In summary, our results demonstrate that two IM proteins, YciB and DcrB, play an essential synergistic role in the maintenance of E. coli cell envelope integrity.
Results

Identification of a synthetic lethal mutant of yciB
A mutant of the enteric pathogen Shigella lacking the yciB (ispA) gene revealed filamentous cells during infection in host epithelial cells suggestive of a role for YciB in division (Mac Siomoin et al., 1996) (Fig. 1A) . However, neither a Shigella nor an E. coli yciB mutant displayed apparent growth or morphological defects compared to the respective WT strains when grown under standard laboratory media (LB) conditions (Mac Siomoin et al., 1996) . To understand what role yciB might play in E. coli cell division, we conducted a synthetic lethal screen using a yciB null mutant. The screen identified two mutations; we examined one which happened to be in dcrB, a gene encoding a ~ 22 kDa predicted IM lipoprotein thought to be a receptor for phage nucleic acid entry (Fig. 1A) (Likhacheva et al., 1996; Samsonov et al., 2002) . YciB itself is a ~ 21kDa predicted 5-pass transmembrane protein with a cytoplasmic C-terminus (Li et al., 2015) (Fig. 1A) . The yciB dcrB double mutant formed tiny mucoid colonies on LB agar that did not restreak on low-osmolarity media such as Nutrient Agar (NA) or LB (0% NaCl). We confirmed the results from the synthetic lethal screen in a strain deleted for both yciB and dcrB and harboring a yciB shelter plasmid grown in LB (0% NaCl) in the absence of the inducer (Figs 1B and S1A). Supplementation with salts, for example NaCl or KCl, rescued viability of the mutant strain when grown under non-permissive conditions, but osmolytes such as sucrose and sorbitol did not (Figs 1B and S1B). Next, we examined the growth rate of the yciB dcrB double mutant in liquid media. The double mutant grew poorly in LB (0% NaCl) compared to the single mutants or WT with cessation of growth during early to mid-log phase (Fig. 1C) . Microscopic examination of the yciB dcrB double mutant revealed severe morphological defects including bulging, cytoplasmic retractions and ghost cells indicative of lysis ( Fig. 1D and Mov. S1). Although yciB dcrB double mutant cells grow better and reach higher OD 600 values in LB (1% NaCl) (Figs 1B, S1C and S1D), morphological defects similar to those observed during growth in LB (0% NaCl), persisted, albeit to a lesser extent (Fig. 1D ). These growth phenotypes were consistent with the tiny, mucoid yciB dcrB colonies observed in the initial screen. Overexpression of either YciB or DcrB did not show any changes in viability compared to WT cells when grown A. A diagrammatic representation of the chromosomal location of yciB and dcrB and putative subcellular locations and topologies of the gene products. YciB (red) is a putative inner membrane (IM) 5-pass protein with the N-terminus facing the periplasm and C-terminus in the cytoplasm. DcrB (orange) is a putative IM lipoprotein-oriented facing the periplasm. PG = peptidoglycan and OM = outer membrane. B. Plating efficiencies of wild-type MG1655 (WT) and derivative mutants yciB (AM134), dcrB (AM135), and yciB dcrB (AM519). Cells were grown under permissive conditions overnight in LB (1% NaCl) with 0.02% Arabinose at 37°C. Cells were washed, normalized to OD 600 = 1.0, serially diluted and spotted onto LB (0% NaCl) agar with arabinose (0.02%), or without to maintain depletion conditions, and incubated at 30°C overnight for 16-24 h and photographed. To examine growth upon addition of salt, under depletion conditions, NaCl or KCl were added to 1% final concentration. C. Overnight cultures of strains grown under permissive conditions were diluted 1:150 to an OD 600 = ~ 0.03 in LB (0% NaCl) and incubated at 30°C. Growth was monitored every hour by OD 600 measurements. The growth curves plotted represent an average of three readings with standard error bars. D. Representative images of cells grown as described in (C) after 3.5 h of growth at 30°C. Cells from LB (0% NaCl) or LB (1% NaCl) cultures were removed at an OD 600 = ~0.3-0.5 and visualized by phase contrast microscopy. Arrows (white) point to phase-light regions where IM is separated from the OM, and where vesicles emerge from the cell body. Bar = 5 μm. LB (0% NaCl)
in either LB (1% NaCl) or LB (0% NaCl) conditions (Fig.  S2 ). An earlier study showed reduced growth and shorter cell lengths in cells deleted for yciB, and modest cell elongation upon YciB overexpression . We note that a different strain background and plasmid were used in that report and may contribute to this discrepancy. The chromosomal organization of the yciB locus indicates that it is the second gene in the polycistronic operon yciC -yciB -yciA (Fig. 1A) . To confirm the synthetic lethal phenotype of yciB dcrB, we explored the effect of deletions of genes in the same operon as yciB. Deletion of yciC or yciA, did not affect viability in a dcrB mutant background (Fig. S1E) . Although, the dcrB locus is monocistronic, it is thought to be functionally homologous to dcrA (sdaC), an IM serine transporter, with both supporting phage entry (Samsonov et al., 2002) . We therefore tested whether dcrA exhibits a synthetic lethal phenotype with yciB. We observed that removal of dcrA in a yciB mutant background did not have any apparent differences in viability when grown in LB with or without salt (Fig. S1E ). These results reveal that YciB and DcrB together play an essential role in E. coli growth and viability in LB (0% NaCl). Although increasing salt in the media restores growth and viability of the double mutant, severe morphological defects persist indicative of a critical role for these two cytoplasmic membrane proteins in E. coli growth under standard laboratory conditions.
A yciB dcrB mutant shows compromised membrane integrity
The gross morphological aberrations of a yciB dcrB mutant suggested alterations in the membrane properties of these cells. To test whether indeed cells lacking yciB and dcrB have compromised membrane integrity, we grew the double mutant under permissive conditions in LB (1% NaCl) with the addition of the detergent SDS and the chelator of divalent cations EDTA, both of which destabilize the LPS layer in the OM (Nikaido, 2003) . The yciB dcrB mutant showed enhanced sensitivity to SDS-EDTA compared to WT cells ( Fig. 2A) . Interestingly, the yciB single mutant, but not the dcrB single, displayed SDS-EDTA sensitivity intermediate to the yciB dcrB mutant and WT levels ( Fig. 2A) . Furthermore, yciB dcrB mutant cells also displayed increased sensitivity to the glycopeptide vancomycin compared to WT cells underscoring a defect in the OM barrier function in these mutant cells (Nikaido, 2003) (Fig. 2A) . Consistent with the SDS-EDTA susceptibility data, the yciB but not the dcrB single mutant displayed hypersensitivity to vancomycin indicating a compromised OM in a yciB single mutant ( Fig. 2A) .
The cell death trajectory of a yciB dcrB double mutant resembles that of a lipid homeostasis mutant
Next, we visualized the cell death trajectory of a yciB dcrB mutant using time-lapse microscopy. The double mutant cells showed dynamic oscillations of cytoplasmic volume and membrane vesiculation followed by cell lysis and death ( Fig. 2B and Mov. S1). Furthermore, fluorescence imaging revealed cytoplasmic GFP fluorescence to be restricted to the shrunken cytoplasm while fluorescence from the lipophilic membrane dye FM4-64 was retained at the cell periphery (Fig. 2C) . To test whether the IM was indeed retracting, we determined localization of a YFP fusion to IM maltose/maltodextrin transporter protein, MalK-YFP (Boos and Shuman, 1998) . Indeed, MalK-YFP localized to regions where the IM had separated away from the outer membrane (Fig. 2D) . Additionally, the yciB dcrB double mutant cells showed prolific vesiculation that stained with the FM4-64 dye suggesting that the vesicles contain lipids (Fig. 2E) . The vesiculation events were not restricted to the cell division sites but emerged throughout the cell body (Fig. 2E) . Collectively, the cellular morphologies of a yciB dcrB mutant are reminiscent of a mlaA* mutant that has envelope integrity defects due to impaired lipid trafficking in the OM (Sutterlin et al., 2016) .
LPS levels are increased in a yciB dcrB mutant but are not a major cause of cell death
To investigate the synergistic functions of YciB and DcrB in maintaining membrane integrity we next examined whether increased LPS was the cause of cell death in a yciB dcrB mutant. High levels of LPS were posited to be the major determinant of cell death in the lipid homeostasis mutant mlaA* whose cell death trajectory resembles a yciB dcrB mutant (Sutterlin et al., 2016) . Given the abundant vesiculation events in the yciB dcrB double mutant, we analyzed LPS levels associated both with the cells and those in the supernatant. Increased LPS has been shown to correlate with enhanced membrane vesiculation (Schwechheimer and Kuehn, 2015) . Under permissive growth conditions in yciB dcrB cells, we observed a 10-fold increase in outer membrane vesicle (OMV) secretion, as measured by LPS content in the supernatant fraction (Fig 3A and B) . Indeed, the ratio of LPS to total protein in the supernatant fraction were elevated ~ 3-fold in the double mutant relative to WT; the increase in supernatant LPS did not appear to be due to cellular lysis (Fig. 3B) . Under the same growth conditions, yciB and dcrB single mutants showed comparable LPS amounts to the WT (Fig 3A and B) . Consistent with increased LPS in yciB dcrB cells, levels of LpxC, the rate limiting enzyme in LPS biosynthesis, were upregulated ~ 3-fold compared to single mutants or WT (Raetz and Whitfield, 2002) (Fig. 3C) . These results indicate that without yciB and dcrB, LPS synthesis is elevated as measured by the increased OMV secretion and LPS amount in the supernatant fraction. Intriguingly, LPS from the whole-cell fraction of the yciB dcrB mutant revealed a ladder-like LPS pattern (Fig. 3A) . Such an LPS arrangement, also known as M LPS , is associated with increased synthesis of colanic acid (CA) polymers that are linked to LPS (Meredith et al., 2007) . Whether the LPS modification seen in a yciB dcrB mutant is analogous to the LPS glycoform that conjugates colanic acid repeats remains to be determined.
To determine if increased levels of LPS was the cause of cell death, we tested for yciB dcrB viability in LB (0% NaCl) under several LPS lowering conditions. Reducing LPS biosynthesis by mutating lipid A biosynthesis (lpxC1272 or lpxC101), LPS phosphorylation (rfaP) or LPS core synthesis (galU), failed to suppress yciB dcrB lethality under the restrictive growth conditions (Fig. S3) . Similarly, overexpression of YciM, a negative regulator of LPS synthesis, in the yciB dcrB background failed to restore viability (Mahalakshmi et al., 2014) (Fig. S3 ). These genetic results strongly suggested that increased LPS is not the major cause of yciB dcrB lethality in LB without salt. A. On the left is a spot assay of WT and derivative mutants yciB (AM134), dcrB (AM135) and yciB dcrB (AM519) grown in LB (1% NaCl) agar with the addition of 0.5% SDS and 0.8 mM EDTA. On the right is a spot assay of the same strains grown in LB (1% NaCl) agar with vancomycin at 150 μg ml -1
. Overnight cultures grown under permissive conditions were washed, normalized to OD 600 = 1.0, serially diluted, 2 μl of cells spotted and plates incubated at 30°C overnight. B. Cells deleted of yciB and dcrB (AM519) displayed separation of IM and OM, cytoplasmic shrinking, and IM extension followed by membrane blebbing, lysis and cell death. Double mutant cells were grown under permissive conditions overnight and subcultured in LB (0% NaCl) at 30°C as described for Fig. 1C . After 3.5 h of growth (OD 600 of ~0.4), 2 μl of cells were spotted onto an LB (0% NaCl) agarose pad, sealed as described in Methods, and immediately imaged by phase contrast microscopy. Images (a-h) are at 30 min intervals during a 3 h 45 min growth period. Bar = 5 μm. C. Phase and fluorescent micrographs of the yciB dcrB mutant strain (AM229) expressing cytoplasmic GFP. Cells were grown under permissive conditions overnight and subcultured as described for Fig. 1C with the exception that IPTG was included at a concentration of 100 μM in the back-diluted culture. After 3.5 h of growth (OD 600 of ~0.4), an aliquot of cells was taken and FM 4-64 added to a final concentration of 1 μg ml -1
. A 2 μl aliquot of the mixture was spotted onto a 1% agarose pad and immediately imaged by phase and fluorescent microscopy. Arrow points to a region in the cell where the IM has retracted. D. Phase and fluorescent micrographs of the yciB dcrB double mutant strain expressing a MalK-YFP fusion (AM575). Overnight cultures grown under permissive conditions were subcultured at 1:150 to an OD 600 = 0.03 in M9-minimal medium with 0.2% maltose and grown at 37°C. After 4 h of growth, 2 μl of the culture were spotted on an agarose pad, and immediately imaged by phase and fluorescent microscopy. Arrows point to IM retracted areas in the cells that retain membrane fluorescence. E. Phase and fluorescent micrographs of the yciB dcrB (AM519) stained with FM 4-64 dye. Overnight cultures grown under permissive conditions, were subcultured and prepared for time-lapse microscopy as described for Fig LB (1% NaCl)
This conclusion also derives support from the inability of magnesium ions to suppress yciB dcrB mutant lethality (Figs S1B and C). The divalent cation magnesium is known to charge-screen and bridge the repulsive forces generated by the negatively charged LPS (Nikaido, 2003) .
Major changes to OM lipid asymmetry are not detected in a yciB dcrB mutant
An altered ratio of LPS to PL in the OM can result in accumulation of phospholipids in the outer leaflet of the OM (Malinverni and Silhavy, 2009; Sutterlin et al., 2016) . Prior to testing the surface exposure of phospholipids, we analyzed the PL composition and levels in the WT, single and double mutants using thin layer chromatography (TLC). The profiles of the yciB dcrB double mutant revealed no significant differences in the major phospholipids, phosphatidylglycerol (PG), phosphotidylethanolamine (PE) and cardiolipin (CL) compared to the single mutants and WT (Fig. S4A) . Note, the susceptibility of yciB dcrB strains to vancomycin (described above, Fig.  2A ) provided a facile method to differentiate between phosphatidylglycerol and phosphatidic acid (PA) production in the TLC analysis. Mutants that accumulate PA are resistant to vancomycin ( Fig. S4B ) (Sutterlin et al., 2014) . Therefore, we conclude that phosphatidylglycerol abundance is likely not significantly altered in a yciB or yciB dcrB mutant.
Fig. 3.
A yciB dcrB double mutant shows increased LPS and LpxC levels.
A. SDS-PAGE gel electrophoresis showing whole-cell LPS levels from WT, and mutant derivatives yciB (AM134), dcrB (AM135) and yciB dcrB (AM519) strains. Overnight cultures grown under permissive conditions were subcultured at 1:150 in LB (1% NaCl) and grown at 30°C until reaching an OD 600 of 0.4-0.8 before harvesting cells for electrophoresis. Loading volumes were normalized to OD 600 . Double arrows on the right point to ladder-like pattern of LPS. B. SDS-PAGE gel electrophoresis showing supernatant LPS levels from WT, and mutant derivatives yciB (AM134), dcrB (AM135) and yciB dcrB (AM519) strains. Top panel; LPS was collected from the supernatant fraction as described in Methods at the same point of growth as for whole-cell analysis and loading volumes were adjusted to OD 600 . Bottom panel; total protein in the supernatant fraction was estimated and equal amount of protein was loaded in each lane of the gel. Shown below the whole-cell (A) and supernatant fraction (B) gels are immunoblots probing for FtsZ as a cytoplasmic protein control for cell lysis as described in Methods. C. Immunoblot result showing LpxC levels of strains in (A) and WT with pLpxC (AM721). Cells were grown and analyzed by immunoblotting as described in Methods. Representative gels or blots are shown in this figure with mean relative intensity values and standard deviation (SD) derived from at least two independent experiments. Rel. Intensity: ± SD:
To determine whether a yciB dcrB mutant results in surface-exposed PLs, we tested for synthetic lethality with genes in the mla retrograde lipid trafficking pathway that removes PL from the outer leaflet of the OM (Malinverni and Silhavy, 2009) . They revealed no synthetic phenotypes with either yciB or dcrB single mutants (Fig. S4C) . Further confirmation that PL asymmetry at the OM was likely not disrupted in a yciB dcrB mutant came from altering the levels of PldA, an OM phospholipase known to play an important role in maintaining lipid asymmetry at the OM (Sutterlin et al., 2016) . Neither multicopy expression nor removal of pldA rendered the yciB dcrB double mutant viable (Fig. S4D) . Collectively, these genetic data reveal that major changes in phospholipid accumulation at the outer leaflet of the OM are unlikely to be the cause of cell death in a yciB dcrB double mutant.
Accumulation of OM lipoprotein Lpp at the IM results in lethal PG-IM linkages in a yciB dcrB double mutant
To identify whether yciB dcrB lethality is due to a failure of OM assembly or organization, we tested the ability of single deletions in ompA, tolA, pal and lpp to restore yciB dcrB viability. Of these, only a lpp deletion robustly suppressed yciB dcrB cell death (Figs 4A and S3). Braun's lipoprotein Lpp exists both in periplasmic and transmembrane forms in the OM; in the periplasmic form, it links peptidoglycan to the OM maintaining an optimal periplasmic distance between the two membranes, which is necessary for membrane stress response mechanisms to detect and combat damage to the envelope (Asmar et al., 2017) . We note that the bulged morphology of yciB dcrB cells is suggestive of peptidoglycan-related defects (Figs 1 and 2) . Indeed, yciB dcrB lpp cells were indistinguishable compared to WT in growth and morphology (Fig. 4B) .
Mislocalization of Lpp to the IM and linkage of PG to the IM have been shown to be lethal (Yakushi et al., 1997) . To examine whether Lpp-mediated linkage to the PG was a likely cause of cell death, we transduced a null allele in ldtB, a L,D-transpeptidase which is primarily responsible for the covalent linkage of Lpp to the PG, into the yciB dcrB mutant (Magnet et al., 2007) . Although morphological defects of the yciB dcrB double mutant partially persisted in the yciB dcrB ldtB triple mutant, the deletion of ldtB restored cell growth, suggesting that Lpp-mediated PG-membrane linkage contributes to yciB dcrB cell death (Figs 4A and B) . Further confirmation came from the ability of the Ipp ∆K58 allele, which abolishes Lpp linkage to the cell wall, to suppress yciB dcrB lethality in LB (Cowles et al., 2011) (Fig. 4A) . We next considered the possibility that Lpp is stalled at, or mislocalized to the IM, leading to deleterious IM-PG linkages in the yciB dcrB mutant. We analyzed Lpp levels in membrane fractions of yciB dcrB mutant cells grown in LB (1% NaCl) where cells are viable but we still observe cytoplasmic shrinkage and other morphological defects (Fig. 1D) . In WT cells, as expected, Lpp was restricted to the OM fractions (Fig. 4C) . But in the yciB dcrB double mutant, both the OM lipoprotein Lpp and an IM protein, YidC, co-sedimented in the highest density fractions of the gradient, suggesting that the inner and outer membranes had failed to separate (Samuelson et al., 2000) (Fig. 4C) . The NADH oxidase activity profile of the fractions was consistent with this interpretation (Fig. 4D) . Next, we took advantage of the yciB dcrB ldtB triple mutant cells to probe the membrane localization of Lpp at steady-state levels. Although yciB dcrB ldtB cells are viable, morphological defects exist in a majority of the cell population, perhaps due to presence of other L,D-transpeptidases (Magnet et al., 2007) . Indeed, in the yciB dcrB ldtB triple mutant cells, significant amounts of Lpp were detected in IM fractions suggesting partial retention of Lpp in the IM (Fig. 4C) . Since, both ldtB null and Ipp ∆K58 alleles suppress yciB dcrB lethality, these results would argue that steps in lipoprotein biogenesis post-secretion across the IM are mainly affected in the mutant.
General OM lipoprotein trafficking irregularities may exist in yciB dcrB cells
To determine whether the Lpp membrane localization defects were due to general lipoprotein sorting defects at the IM, we examined the localization of BamD, an OM lipoprotein subunit of the essential Bam complex required for OM protein assembly (Wu et al., 2005) . A recent study reveals that BamD can also be trafficked to its final OM location independently of LolA and LolB, the extra-cytoplasmic components of the canonical Lol lipoprotein trafficking system (Szewczyk and Collet, 2016; Grabowicz and Silhavy, 2017) . Although, BamD was mostly observed in the OM fractions of yciB dcrB ldtB mutant cells, its distribution in the gradient was wider than in WT cells suggesting that general OM lipoprotein assembly defects may be present in the mutant background (Fig. 4C ). Our genetic data revealed that overexpression of LolCDE, the ABC transporter responsible for releasing lipoproteins from the IM, failed to alleviate the viability defects of a yciB dcrB mutant (Fig. S5A) . Furthermore, genetic alterations to components of the Sec transport machinery led to mild or no viability defects (Figs S5B and C) (Emr et al., 1981; Flower et al., 2000; Baars et al., 2006) . Collectively, these data suggest that post-translocation pathways of OM lipoprotein assembly are likely to be primarily affected in cells lacking YciB and DcrB. A. Spot viability of WT and derivative mutants yciB dcrB (AM519), yciB dcrB lpp (AM950), and yciB dcrB ldtB (AM966), and yciB dcrB lpp ΔK58 (AM1072). Cells grown overnight under permissive conditions were serially diluted and spotted on LB (0% NaCl) agar and incubated at 30°C overnight. B. Representative images of WT, lpp (AM949), ldtB (AM1032), yciB dcrB lpp (AM950) and yciB dcrB ldtB (AM966) mutants are shown. Cells were grown under permissive conditions overnight and subcultured as described in Fig. 1C . After 3.5 h of growth at 30°C, cells were visualized by phase contrast microscopy. Bar = 5 μm. C-D. Immunoblot results and NADH oxidase activity from fractionated membranes of WT, and mutant derivatives yciB dcrB (AM562), and yciB dcrB ldtB (AM966). Shown are odd-numbered fractions 7 through 25, with 25 representing the most-dense aliquot isolated from the bottom of the sucrose gradient. Membranes were collected from cells and proteins detected by immunoblotting using antibodies against the IM protein (YidC), OM lipoproteins (Lpp and BamD) and OMPs (LamB/OmpA) as described in Methods. To test whether assembly of transmembrane β-barrel proteins, the other major class of OM proteins, are also affected in a yciB dcrB mutant, we determined the membrane localization of two well-characterized integral β-barrel proteins, LamB and OmpA, in the membrane fractions of a yciB dcrB ldtB triple mutant and compared them to WT fractions. The distribution of LamB and OmpA were restricted to the OM fractions in WT cells (Fig. 4C  and D) but, in a yciB dcrB ldtB mutant, the distributions of both LamB and OmpA were broad and overlapping with IM fractions of the gradient. These data suggested that at least a subset of OMPs were mislocalized to the IM (Fig. 4C) . This buildup at the IM was not due to significant changes in the total levels of LamB and OmpA (Fig. S6) . The increase in BamA, LamB and OmpA in the supernatant of the double mutant is likely due to hypervesiculation (Fig. S6) . Interestingly, an earlier study showed reduced levels of LamB, OmpA, OmpF and OmpC, in the OM fractions in a yciB single mutant (Niba et al., 2008) . We have not explicitly tested for OM protein abundance in the single mutants but the sensitivity of a yciB single mutant to detergent and vancomycin aligns well with altered OM properties in a yciB single mutant ( Fig. 2A) .
A genetic clue in support of our hypothesis that OMPs are stalling in the IM came from work on Skp, a periplasmic chaperone involved in OMP biogenesis. When OM protein assembly is impaired, Skp has been reported to insert porins into the IM leading to depolarization of the cytoplasmic membrane (Grabowicz et al., 2016) . We posited that removal of skp would rescue yciB dcrB mutant cells under restrictive growth conditions. Indeed, introduction of a skp null allele into a yciB dcrB mutant partially rescued growth in LB (0% NaCl) at 30°C, and more robustly at 37°C (Fig. 5A) . Lethality was reestablished by plasmid-borne expression of Skp in the yciB dcrB skp triple mutant under restrictive conditions, implicating Skp in the growth defects of the yciB dcrB mutant (Fig. 5B) . From these results, we conclude that post-translocation steps in the assembly of OMPs are most likely impaired in the yciB dcrB double mutant.
Cell envelope stress response Cpx is upregulated and enhances yciB dcrB cell growth
We sought to understand the nature of the extracytoplasmic stress encountered by cells lacking yciB and dcrB. Therefore, we tested the regulatory output of five well-characterized envelope stress response pathways: Cpx, Psp, Bae, Rcs and σ E in this mutant (Bury-Mone et al., 2009) . Enzymatic activity of chromosomal lacZ fusions to known target genes in the respective pathways, cpxP, pspA, spy, rprA and rpoH were measured in the single and double mutants relative to WT under permissive conditions (Bury-Mone et al., 2009) . The Rcs, Cpx and Bae response pathways were upregulated approximately 2-, 4-and 5-fold, respectively, in the yciB dcrB double mutant compared to the WT (Fig. 6A) . Both Cpx and Rcs stress responses were activated in the yciB single by 2-to 3-fold each, while Rcs alone was activated by ~ 2-fold in the absence of dcrB (Fig. 6A) . The upregulation of Rcs correlates well with the characteristic mucoid phenotype (due to overproduction of colanic acid synthesis) observed in cells lacking yciB dcrB mentioned earlier (Gottesman et al., 1981) . The Cpx signaling system is closely associated with perturbations to IM homeostasis, while the Bae system responds to toxic compounds by controlling the expression of multidrug transporters (Raffa and Raivio, 2002; Raivio, 2014) . Also, Psp stress response was upregulated by ~ 2-fold in yciB dcrB cells; this is approximately the same level of activation shown by the target pspA promoter in (Fig.  S7A) . The Psp signal transduction is particularly responsive to changes at the IM, especially those associated with dissipated proton motive force (Flores-Kim and Darwin, 2016) . Notably, the σ E pathway known to monitor OM fidelity was not appreciably upregulated in either the single or the double mutant strains relative to WT under these growth conditions (Konovalova et al., 2018) (Fig.   6A ). Overall, the transcriptional analyses underscore that even under permissive growth conditions, cells deleted of yciB and dcrB perceive a broad range of envelope stress stimuli. Next, we tested growth of yciB dcrB cells in LB (1% NaCl) but lacking each of CpxR, RcsB, BaeR or PspF response regulators. Only a cpxR yciB dcrB triple mutant displayed reduction in growth compared to a yciB dcrB double mutant in LB (1% NaCl) suggesting that activation A. Chromosomal lacZ fusions to target gene promoters in Cpx, Psp, Bae, Rcs and σ E , stress response regulons were assayed for β-galactosidase activity in the WT TB28 background (AM1245, AM1247, AM1243, AM1249 and AM 1251) and in the derivative mutant backgrounds yciB (AM1137), dcrB (AM1138) and yciB dcrB (AM1139). Overnight cultures were grown in LB (1% NaCl) and subcultured at 1:100 in the same medium and grown to early exponential phase for 3 h at 30°C at which point transcriptional activity was determined as described in Methods. Mean values and standard deviations are derived from triplicate readings of 3 or more independent cultures for each experiment. B. Spot assay of WT (AM564, AM563, AM565 and AM566) and derivative mutants in yciB (AM134), dcrB (AM135) and yciB dcrB (AM519) backgrounds with single deletions in envelope stress response regulators baeR, cpxR, pspF and rcsB were conducted with overnight cultures grown under permissive conditions. Cells were washed, normalized to OD 600 = 1.0, serially diluted, 2 μl of cells were spotted on LB (1% NaCl) agar and plates incubated at 30°C overnight.
B
-2 -3 -4 -5 -6 -2 -3 -4 -5 -6 -2 -3 -4 -5 -6 -2 -3 -4 -5 -6 of Cpx system is beneficial for growth in cells lacking YciB and DcrB (Fig. 6B) . Note that deletion of stress response regulators did not restore growth to yciB dcrB cells under restrictive growth conditions illustrating that overactivation of stress response systems was likely not the cause of cell death (Fig. S7B) . Collectively, these results strongly suggest that yciB dcrB cells have severely compromised membrane integrity and, given the induction of Cpx and Psp response systems these perturbations are likely to occur at the IM and may be coupled to the energy status of the IM.
YciB and DcrB play synergistic roles in maintaining PMF
Given the pleiotropic phenotype of a yciB dcrB mutant, we considered that YciB and DcrB may play synergistic roles in contributing to a fundamental property of the cytoplasmic membrane such as the PMF. A few observations are consistent with this conjecture. One, YciB bears a LeuT-like transport fold characteristic of certain IM cation/ proton transporters thought to influence PMF across the cytoplasmic membrane (Khafizov et al., 2010; Boughner and Doerrler, 2012) . Two, the requirement of Cpx for viability of the yciB dcrB double mutant; recent studies have defined a role for the Cpx signaling system in energy production and transport at the IM (Guest et al., 2017) . Three, activation of Psp stress response in yciB dcrB cells; the major role of this pathway is considered to be in the maintenance of the transmembrane PMF. And lastly, activation of Bae pathway which is an effector of a small number of genes mostly involved in multidrug transport. We first examined PMF defects in the double mutant using flagella-based locomotion as a facile read-out because the flagellar motor is powered by PMF (Erhardt et al., 2010) . In motility agar plates, WT cells migrated to distances similar to those reported previously (Wolfe and Berg, 1989) (Fig.  7A) . The yciB dcrB mutant, however, showed significantly reduced migration comparable to that of a motA flagellar motility mutant; MotA is the PMF-dependent motor component of the flagellar machinery (Erhardt et al., 2010) (Fig. 7A) . The yciB and dcrB single mutants each showed reduced motility intermediate to WT and the yciB dcrB double, suggesting that mutations in either yciB or dcrB may lead to compromised PMF (Fig. 7A) .
To measure potential PMF related defects more directly, we examined sensitivity of the single and double mutants to sublethal doses of the proton uncoupling agent, carbonyl cyanide m-chlorophenyl hydrazone (CCCP). A yciB single mutant and a yciB dcrB double mutant displayed sensitivity to CCCP at concentrations that did not affect WT or a dcrB single mutant viability (Fig. 7B) . These data point to reduced PMF in yciB and yciB dcrB mutant cells.
To corroborate that increased sensitivity to CCCP was not simply due to altered membrane permeability in yciB or yciB dcrB, we conducted a cell biological assay which uses DiOC 2 (3), a fluorescent membrane potential indicator dye. The dye concentrates and aggregates in cells with normal PMF and exhibits a shift from green to red fluorescence. In cells, with suboptimal PMF, red fluorescence intensity is decreased. We observed reduced PMF in cells lacking YciB and DcrB compared to WT noted by the reduction in red fluorescence intensity (Fig. 7C) . Strikingly, the ratio of green to red fluorescence intensity decreased to intermediate levels between WT and the yciB dcrB double mutant upon introduction of a skp deletion, suggestive of a role for Skp in PMF reduction in yciB dcrB mutant cells (Fig. S8A) . Additionally, a yciB mutant alone showed impaired PMF, which could be complemented by the introduction of YciB in trans (Figs 7C and S8B) . The assay was conducted under permissive conditions of growth for the yciB dcrB double and staining for cell viability confirmed that cell death was not responsible for the loss in PMF (Fig. S8C) . Collectively, these data suggest that YciB contributes to generation of optimal transmembrane PMF, that these defects in PMF are exacerbated in the absence of both YciB and DcrB, and that the periplasmic chaperone Skp may play a role in the PMF-deficiency phenotype.
Discussion
In this study, we have identified and demonstrated the synergistic role of two poorly characterized IM proteins, YciB and DcrB, in maintaining cell envelope integrity with implications in OM protein assembly. Our results also suggest that the Cpx two-component system, a sentinel of IM integrity, controls the response to these stresses at the IM and enhances growth. We propose the following working model for the cellular role of YciB and DcrB in E. coli (Fig. 8) .
Lack of YciB and DcrB leads to defects in OM integrity
In the absence of YciB and DcrB gene products, OM protein assembly is impaired in E. coli as revealed by the accumulation of the abundant OM lipoprotein Lpp at the IM, the mislocation of the OM lipoprotein BamD and the presence of major OMPs LamB and OmpA at the IM (Fig. 4C) . Our results indicate that the lethality of the yciB dcrB mutant is suppressed by the removal of ldtB, a major L,D-transpeptidase that links Lpp to PG or by the introduction of the lpp ∆K58 allele, which is unable to form Lpp-PG linkages (Fig. 4) . These results confirm that it is A. Migration patterns in a cell motility assay of WT and isogenic mutants yciB (AM134), dcrB (AM135), yciB dcrB (AM519) and motA (AM1045). Strains were grown under permissive conditions overnight and cultures were normalized to OD 600 = 4.0. Cells were then either injected (2 μl; left) into or spotted (5 μl, right) onto an LB (1% NaCl) medium containing 0.285 or 0.3% agar respectively. Plates were incubated at 30°C for 8 or 16 h, respectively, prior to imaging. The identity of each spotted strain is shown in the cartoon to the right. B. Sensitivity of yciB (AM134) dcrB (AM135) and yciB dcrB (AM519) cells to sublethal concentrations of the uncoupling agent CCCP was determined relative to WT. Cells were grown overnight under permissive conditions, and 4 μl were spotted on LB (1% NaCl) agar plates containing 20, 25 or 30 μM CCCP and incubated at 30°C for ~16 h, at which point they were imaged. Deletion of Skp, a general periplasmic chaperone also rescues viability to a yciB dcrB mutant grown under restrictive conditions (Fig. 5) . Skp is proposed to insert mistargeted β-barrel proteins into the IM leading to depolarization of the membrane (Grabowicz et al., 2016) . Since the cellular levels of OMPs are not decreased in the absence of Skp, it is unlikely that a skp deletion results in a reduction in the amounts of protein being targeted to the OM (Sklar et al., 2007) . Rather, we surmise that removal of skp prevents toxic assembly of OMPs into the IM thereby resulting in partial restoration of PMF and suppression of the lethality of a yciB dcrB mutant (Figs S8A and 5) . Supporting this notion are observations that the Cpx system is activated in and is required to maintain viability of the yciB dcrB mutant grown in permissive conditions (Fig. 6) . The Cpx system downregulates the levels of Skp, and a cpxR null has been shown to be conditionally lethal in strains with compromised OMP biogenesis (Grabowicz et al., 2016) .
Taken together, these results also reveal that the OM protein targeting defects are likely to impact a post-Sec translocation step of OM biogenesis since ldtB, lpp ∆K58 or skp mutants are able to robustly suppress yciB dcrB C. Fluorescent images of WT and derivative mutants yciB (AM134), dcrB (AM135) and yciB dcrB (AM519) cells stained with BacLight DiOC 2 (3) dye. Cells were grown under permissive conditions overnight, subcultured into LB (1% NaCl) and after 3 h of growth at 30°C, pelleted and resuspended in solubilization buffer containing DiOC 2 (3) and treated as described in Methods. Cells were then imaged by phase and fluorescent microscopy. Bar = 5 μM. Change in membrane potential is represented as a ratio of the fluorescence intensity of cells in FITC/Texas Red filter channels. For each strain, fluorescence intensities for 100 cells were measured and the average ratios with standard deviation are plotted in the adjacent graph. A higher fluorescence intensity ratio corresponds to a lowered membrane potential. The WT with the CCCP control is not included in the graph. lethality (Figs 4 and 5) . Consistent with this notion, yciB dcrB lethality is only weakly suppressed by the prlA4 variant of SecY known to stabilize the open state of the SecYEG translocon at the IM (Fig. S5B) (Corey et al., 2016) .
Additionally, inactivation of yciB and dcrB leads to upregulation of LpxC and correspondingly increased LPS synthesis and membrane vesiculation (Fig. 3) . While high LPS is not the primary cause of lethality, it may be associated with dynamic membrane retractions and extensions, and prolific membrane vesiculation and shedding, likely due to altered PL:LPS ratios (Figs 2B and C and Mov. S1). Notably, a mutation in pgsA, which catalyzes the committed step in major acidic phospholipids (phosphotidylglycerol and cardiolipin) synthesis, reveals strikingly similar phenotypes and mode of suppression to those exhibited by a yciB dcrB double mutant. Deletion of pgsA is sensitive to hypoosmotic stress, has a compromised lipoprotein maturation machinery, accumulates Lpp at the IM leading to lethal covalent linkages of the IM to the peptidoglycan, and the lethality can be suppressed by deletion of lpp (Kikuchi et al., 2000) . However, we find that while lipid homeostasis appears to be altered in yciB dcrB cells, it is not likely due to a deficiency in the synthesis of acidic PLs (Figs 2A and S4 ).
Cellular roles for YciB and DcrB
Multiple lines of evidence are consistent with our inference that the PMF falls below optimal levels in E. coli cells lacking yciB and dcrB. The ability of a skp null to rescue yciB dcrB mutant lethality could be due to a reduction in porins misinserted into the IM, thereby preventing depolarization of the transmembrane potential. Second, both yciB alone and yciB dcrB mutant cells displayed reduced flagellar motility, sensitivity to the uncoupling agent CCCP, and a reduction in membrane potential suggesting that generation or maintenance of PMF may be suboptimal in these mutant cells (Fig. 7) . Further, indication that the PMF is altered in these mutants comes from the induction and requirement of the Cpx system, which responds to diverse cues such as osmolarity, perturbations in IM protein complexes, alterations in PMF and also the activation of the Psp response which monitors the energy status of the cell (Fig. 6) .
Diverse yciB-related phenotypes have been described in the literature: cell separation defects, interaction with division and morphogenetic proteins, biofilm deficiency, resistance to the antibiotic bicyclomycin, requirement in the entry of contact-dependent inhibition toxins, and colicin cytotoxicity (Mac Siomoin et al., 1996; Niba et al., 2008; Sharma et al., 2009; Lycklama and Driessen, 2012; Niba et al., 2010; Li et al., 2015; Willett et al., 2015; Badaluddin and Kitakawa, 2015) . Our results of YciB playing a critical role in the barrier function of the OM and OM protein assembly perhaps by modulating a fundamental property of the IM such as PMF maintenance, offer a simplifying explanation for the pleiotropic phenotypes exhibited by yciB mutants described in earlier studies. One attractive possibility is a role for YciB in cation/ proton transport, either directly, or indirectly by altering the function of another transporter, potentially influencing the pH component of the PMF. Consistent with this idea, is the presence of a LeuT transporter-like fold in YciB, and the observation that addition of cations such as sodium, potassium and to some extent calcium, supports viability of the yciB dcrB double mutant cells. Prior reports on DcrB are limited. A few studies show its requirement for bacteriophage C1 and C4 DNA entry (Likhacheva et al., 1996; Samsonov et al., 2002) . Another study reports protein-protein interaction between the lambda phage terminase small subunit Nu1 and DcrB (Blasche et al., 2013) . The significance of these observations remains to be examined.
While yciB is widely conserved across α-, β-and γ-proteobacteria, including several enteric pathogens, dcrB is restricted to the γ class of the proteobacterial phylum. Notably, according to structure prediction tools, DcrB shares homology to a Mog1p/PsbP-like fold; PsbP is required for the full function of photosystem II in plant chloroplasts and Mog1p is a regulatory protein for the nucleocytoplasmic transport of Ran GTPase with perhaps an additional role in osmosensing signal transduction in yeast (Ifuku et al., 2004; Lu et al., 2004) . The homologies and distribution patterns of yciB and dcrB orthologs may shed light on their individual roles in modulating membrane homeostasis to the specific needs of the species. Nonetheless, it is tempting to speculate that YciB and DcrB perhaps act together in a pathway that involves some form of osmoregulatory transport.
The role of small IM proteins in cell envelope integrity
A conserved set of eight IM proteins belonging to the DedA family have recently been reported to maintain IM integrity in E. coli (Boughner and Doerrler, 2012) . The DedA family proteins are deemed to be collectively essential in E. coli (Boughner and Doerrler, 2012) . All eight members of the DedA family proteins show limited similarity to the LeuT transporter superfamily although none of them have been experimentally verified to be transporters themselves (Boughner and Doerrler, 2012) . The cellular roles of this protein family are not well understood, but they appear to be critical across a diverse set of environmental stress conditions including changes in pH, temperature and osmotic strength (Boughner and Doerrler, 2012; Kumar and Doerrler, 2015) . A double deletion of DedA family genes yqjA and yghB results in pleiotropic defects including altered lipid compositions, high temperature sensitivity, inefficient export of periplasmic amidases, sensitivity to several antibiotics and compromised membrane potential (Kumar and Doerrler, 2014) . Several envelope stress response regulators have been shown to be upregulated in the absence of yqjA and yghB revealing an overall impairment of cell envelope integrity (Sikdar et al., 2013) . The prevailing model for the functions of DedA family is that these proteins are involved in maintaining PMF homeostasis perhaps by acting as cation-proton transporters. Relevant to our current study is that several phenotypes reported for mutations in DedA family genes overlap with those exhibited by the yciB dcrB double mutant. While the YciB protein is also an integral membrane protein and bears a LeuT transporter-like fold, it does not reveal any similarity to the DedA family members at the amino-acid level and is more limited in its distribution across bacterial phyla. The role of the IM lipoprotein DcrB in influencing membrane integrity is less readily apparent. Notwithstanding, these studies reveal the existence of a large family of unexplored small inner membrane proteins which may have an essential role in preserving the integrity of the inner membrane under a variety of growth conditions. In summary, our work has demonstrated the synergism of two IM proteins, with hitherto unknown functions, in maintaining cell envelope integrity in E. coli, likely by influencing OM protein biogenesis. The precise molecular relationship of these two proteins in contributing to OM protein assembly, whether these proteins physically interact at the IM to execute their function, their contributions to generation of optimal transmembrane PMF, their individual roles in the physiology of E. coli and related bacteria, and in their absence, the nature of the IM stress sensed by Cpx and other envelope stress systems, are yet to be determined. 
Experimental procedures
Growth media and strains
Cells were grown in LB (1% tryptone, 0.5% yeast extract, 1% NaCl) referred to as LB (1% NaCl) or LB with 0.5% NaCl, referred to as LB (0.5% NaCl), or LB with no NaCl, referred to as LB (0% NaCl) or Nutrient Agar (NA) or minimal M9 media supplemented with 0.2% casamino acids and 0.2% maltose, at 37°C or 30°C. Antibiotics were used at concentrations of 20 μg ml -1 (chloramphenicol; Cm), 50 μg ml -1 (kanamycin; Kan), 100 μg ml -1 and 10 μg ml -1 (tetracycline; Tet) for chromosomal integrants.
For induction conditions, arabinose at 0.02% or isopropyl β-D-1-thiogalactopyranoside (IPTG) at varying concentrations reported in the figure legends were used. Strains and plasmids utilized in this study are listed in Tables 1,  2 and S1. For all reported data, E. coli strains used are derivatives of MG1655. Deletion mutants were generated by P1 phage transduction using the Keio collection strains as donors, unless otherwise mentioned (Baba et al., 2006) . To generate strains with multiple deletion alleles, kanamycin resistance markers in the chromosome were excised via flanking FRT sites and FLP recombinase (Datsenko and Wanner, 2000) . Plasmid constructs were obtained by PCR amplification of relevant plasmid DNA or MG1655 chromosomal DNA using Phusion Flash High-fidelity polymerase (ThermoFisher) and ligated into appropriate vectors utilizing T4 DNA ligase. Primers used in the study are listed in supplemental methods.
Synthetic lethal genetic screen
MR903 (MG1655 yciB::frt pAM34-yciB) was infected with λ1316 (Tn10dKan) to generate a library of transposon insertion mutants. The Kan R library was screened for colonies that were not able to grow on LB (1% NaCl). One colony that showed partial sickness on LB (1% NaCl) and completely no growth on Nutrient Agar (NA) media at 30°C was chosen for further analysis. The gene carrying the insertion was identified by cloning the Kan R fragment along with the flanking chromosomal sequences into plasmid pCL1920 followed by sequencing using appropriate primers in the kanamycin cassette and the M13 primers.
Spot viability and growth assays
Overnight cultures of yciB dcrB/pBAD33-yciB (AM519) grown in LB (1% NaCl) with 0.02% arabinose with appropriate antibiotics at 37°C, were pelleted, washed and normalized to optical density OD 600 = 1.0 in LB with or without salt appropriate to the dilution plating conditions on the agar. Cell suspensions were serially diluted from 10 -2 to 10 -6 and 4 μl from each dilution was spotted on plates and grown at 30°C or 37°C for 16-24 h, at which point the plates were photographed (Syngene Gel-Doc). For growth analysis in broth, cells were grown under permissive conditions overnight and then subcultured to 1:150 in the appropriate growth medium, unless otherwise mentioned. Relative growth was monitored by obtaining readings at OD 600 at 1 h intervals.
Microscopy
Cells were grown overnight in permissive conditions and subcultured into appropriate media and growth conditions as described in the figure legends for experiments. Cells were imaged on 1% agarose pads by phase or fluorescent microscopy using a Nikon Eclipse Ti microscope with a charge coupled device (CCD) camera. For time lapse imaging, cells were placed on agarose pads dissolved in LB (0% NaCl) and sealed using Valap (~30:30:40 vaseline:lanolin:paraffin wax) and imaged by phase every 15 min. Throughout imaging, cells were maintained at 30°C using the TC-500 temperature controller (20/20 Technology). Images were processed using NIS-Elements software (Nikon).
Quantification of LPS levels
Whole-cell LPS was quantified essentially as described (Sutterlin et al., 2016) . Cells were grown overnight under permissive conditions and subcultured 1:150 into LB (1% NaCl) and grown for 4 h at 30°C at which point ~ 5 × 10 8 cells were harvested and suspended in 100 μl of 2X LDS sample buffer (Invitrogen) with 4% β-mercaptoethanol (BME). Samples were boiled for 10 min in a water bath, cooled for 15 min at room temperature and treated with 125 ng μl -1 Proteinase K (NEB) at 55°C overnight (~ 16 h). After heat inactivating the Proteinase K by boiling in water for 5 min, the cell lysates were separated using 4-12% Bis-Tris NuPAGE gels (Invitrogen). Gels were stained with the Pro-Q Emerald 300 Lipopolysaccharide Gel Stain kit (ThermoFisher) as per manufacturer's instructions. LPS bands were visualized by UV exposure (Syngene Gel-Doc system). Band intensities were determined with ImageJ (NIH).
To quantify the LPS present in the supernatants of broth cultures, cells were grown exactly as described above. A 25 ml aliquot of sample with the lowest OD 600 was harvested at 4,500 × g for 5 min at room temperature. Culture volumes of other strains were normalized according to the differences in OD 600 . Culture supernatants were filtered through a 0.2 μm filter to remove whole cells and debris. The filtered supernatants were concentrated using an Amicon Ultra-15 100K centrifugal filter (Millipore) at 4,000 × g for 30 min. Contents in the centrifugal filter were directly resuspended in 100 μl HEPES (pH 7.5) and then mixed with 100 μl 2X LDS sample buffer with 8% BME in preparation for LPS analysis as described above. To measure the relative LPS and protein levels in the supernatant, samples isolated from the centrifugal filters were analyzed for protein concentration by Bradford assay and equal amount of protein was loaded in each lane of a NuPAGE gel for LPS analysis as described above.
Quantitative immunoblotting
For whole-cell LpxC protein quantification, cells were back-diluted 1:150 in LB (1% NaCl), grown for 4 h at 30°C prior to harvesting approximately 6.4 × 10 8 cells. Pellets were resuspended in 100 μl of 2X LDS buffer containing 4% BME. Samples were boiled in a water bath for 10 min and lysates resolved using 4-12% Bis-Tris Nu-PAGE gels run at 200V at room temperature for 45 min. Proteins were transferred to a nitrocellulose membrane and LpxC detected utilizing an anti-LpxC rabbit polyclonal antibody (Lifespan Biosciences) at 1:5,000 dilution. Infrared fluorescence IRDye goat anti-rabbit secondary antibodies 800CW (LI-COR Biosciences) were used at 1:20,000 dilution. Gel loading was normalized to the sampling OD 600 . The cross-reacting band above LpxC served as an internal loading and transfer control for LpxC intensity calculations. For detection of FtsZ, which served as a cell lysis control, a primary rabbit anti-FtsZ polyclonal (GenScript) was used at 1: 10,000. Bands were visualized using a LI-COR Odyssey CLx imager and intensities were measured using ImageJ (NIH).
Membrane fractionation and NADH oxidase activity
Fractionation was performed as described in (Cho et al., 2014) with some modifications. WT (MG1655), yciB dcrB (AM562), and yciB dcrB ldtB/pBAD33-yciB (AM966) strains were grown overnight in LB (1% NaCl). The yciB dcrB double mutant (AM562) lacking the shelter plasmid was grown with 5 mM CaCl 2 ; addition of calcium ions in LB (1% NaCl) conditions aided in the culture reaching an OD 600 comparable to WT after overnight growth. Next day, cells were subcultured 1:100 in 250 ml of LB (1% NaCl) and grown at 30°C until reaching an OD 600 = ~ 0.8, at which point volumes adjusted for differences in OD 600 were harvested by centrifugation at 4,000 × g at 4°C for 15 min, washed in 10 mM HEPES (pH 7.5), and resuspended in 40 ml of the same buffer in the presence of 1 mg of DNase I (ThermoFisher) and 1 mg of RNase A (Qiagen). Cells were passed through a French Press (Avastin) three times at 12,000 psi and to this lysate 2 mM MgCl 2 was added and centrifuged at 4°C for 5 min. A 32 ml aliquot of the supernatant was placed on top of a two-step sucrose gradient (4.6 ml of 2.02 M sucrose in 10 mM HEPES, pH 7.5; 13.2 ml of 0.77 M sucrose in 10 mM HEPES, pH 7.5). Samples were centrifuged at 130,000 × g for 3 h at 4°C in a Type 45 Ti Beckman rotor. Approximately 4 ml of the insoluble membrane fraction was collected and diluted 3 times in 10 mM HEPES, pH 7.5. The diluted membrane fraction was then subjected to a second round of centrifugation on a second sucrose gradient (10.5 ml of 2.02 M sucrose, 12.5 ml of 1.44 M sucrose, 7 ml of 0.77 M sucrose, in 10 mM HEPES pH 7.5). Samples were centrifuged at 82,000 × g for 16 h at 10°C in a Type 45 Ti Beckman rotor. Twentyfive fractions of 1.5 ml each were collected and 8 μl of odd-numbered fractions were analyzed by resolving the proteins on 4-12% Bis-Tris Nu-PAGE gels and immunoblotting with the following dilutions for primary rabbit polyclonal antibodies against LamB/OmpA (1:30,000), Lpp (1:500,000), BamD (1:50,000) and YidC (1:1,000). The NADH oxidase activity in the membrane fractions was measured essentially as described (Osborn et al., 1972) . Briefly, 10-20 μg of protein from membrane fractions was added to a mixture of 50 mM Tris-HCl (pH 7.5), 0.12 mM NADH, and 0.2 mM DTT. The rate of decrease in absorbance at 340 nm over 15 min was measured at 30°C, and NADH oxidase activity (μM min -1 ) calculated as described previously (Reusch and Burger, 1974) .
β-galactosidase activity assays
Plate β-galactosidase assays were performed essentially as described (Thibodeau et al., 2004) . Chromosomal lacZ fusions to respective target genes integrated at the λ-att site were transduced into the MG1655 lac minus and derivative mutant backgrounds by linking them to the neighboring nadA::Tn10 marker. Strains were grown under permissive conditions overnight and the next day they were subcultured 1:100 in LB (1% NaCl) and grown at 30°C for ~ 3 h. ) and BME (0.2%), and placed in the plate reader maintained at 28°C. The OD 415 values were read every minute for a total of 1 h. Miller units were derived using a modified equation as described previously (Thibodeau et al., 2004) .
Motility assay
Motility assays were performed essentially as described previously (Wolfe and Berg, 1989) with the following changes. Strains grown under permissive conditions overnight were normalized to an OD 600 of 4.0. Motility plates were LB (1% NaCl) containing 0.285-0.3% agar. Freshly prepared plates were dried in a laminar flow hood for 20 min. A 5 μl aliquot of appropriate cultures was spotted directly on the surface of the 0.3% agar plates. Alternatively, a 2 μl aliquot was injected into the 0.285% agar plates. Plates were then incubated at 30°C within a moist chamber for 8-24 h.
Monitoring membrane potential
The membrane potential of cells was monitored using the BacLight Bacterial Membrane Potential Kit (Invitrogen). A working solution of membrane monitoring dye was prepared by diluting Component A [3 mM DiOC 2 (3) in DMSO] to 12 μM in solubilization buffer (10 mM TrisHCl pH 7.5, 1 mM EDTA, 0.2% glucose). Overnight cells grown under permissive conditions were washed and subcultured at 1:150 into LB (1% NaCl) and grown for 3 h at 30°C prior to harvesting ~ 3.2 × 10 8 cells. Cells were resuspended in 250 μl of the DiOC 2 (3) solution and incubated for 30 min at 30°C in the dark. Cells were then placed on 1% agarose pads and immediately imaged by fluorescent microscopy. As a control for dissipated membrane potential, CCCP was added to the working DiOC 2 (3) solution to a final concentration of 5 μM.
